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Abstract

I’hc synthesis and some pmpcrtics  of several arscnopyritc  pllascs  based 01) l~llsbz.z~rl’cz~
and l<uSb2.2X S~X so]id solutions is rcpor(cd.  ‘1’hc  cxistcncc  of solid solutions with the
arscnopyrilc  strudurc  in the systcm  l<u Sbz.2X’l’c2X  for 0.25+ <0.65 was con fimcci.  in the
RuSbj.2X SC2X systcm,  no series of solid solutions was found  and only the RuSbSc  phase
w:is prcparccl  in single phase forln. in an cffhrl  (0 assess the potential of these materials
for thcmoc]cctric  a p p l i c a t i o n s ,  clcdrical  rcsistivity,  Sccbcck cocfticicnt,  and thcmal
con(iuctivity  were measured bctwccn  300 and 1000K. 1.OW thcl mal conductivity values
were achicvcd  for tbc tcmary an[i cluatcmary  compositions invcstigatcci, about  Clvc  times
l o w e r  (ban tlmsc obtaincc]  fo r  b ina ry  conlpounds  such as lrSbz and CoSbz at mom
tcnlpcraturc.  in these materials, scaltcl inp, of” the phonms  by electrons transferred
bctwccn  mixcci valcncc ions accounts to the low thermal cmductivity  obscrvcci. IIcspitc
these low values, the samples arc charactwizcci  by low carrier mobility and high clccttical
tcsistivit  y values, resulting in thcrmoclcctric  figures of merit lower than state-of-the-a~ t
thcrmoclcdric  materials.

Kcywods:  A. intcrmctallic  compouncis,  A. scmiconciuctms,  1). transport ptopcrtics.

1. introduction

‘1’llcll~loclcctric  cicviccs arc reliable, can operate unattcn(icci  in Ilostilc cnvimnmcnts  ami
arc also environmentally flicn(ily  but ncw more cfficicnt  matclials  arc ncc(icci  to expand
their range of applications. ‘1’hc i[icntiiication  ami (icvclopmcllt  of novc] m o r e  cfticicllt
thcrmoclcdric  materials has been (11c focus of a rc]lcwcd intcrcs(  over the past fcw ycam
[ 1,2].  As part  of a broa~i sea rch  for :i(ivancc(i  thcmoclcdtic  m a t e r i a l s ,  w c  h a v e
invcstigatc(i  the thcmoclcctric pmpcrlics  of several materials with the atscnopyritc
crystallographic structure an(i rcccntly  rcporlcci on tile preparation an(i cl)aractclizatioll
of  the thcrmoclcctric  pmpcrtics  of lrXCol.XSb2 alioys  [ 3 ] ,  M a n y  b i n a r y  ami tcrnaly
compoun(is  with the pyrite, marcasite all(i arscnopyritc  type of crystal stmcturc  arc
known  [4]. ‘1’iicsc  three types of crystal  structure arc closc]y  rclatc(i anti the arscnopyritc



caH bc comidcrd  as a monoclinic distortion of the mmasitc  lattice. Many of these
mmpounds  arc sclnimnductors  [4] but their usefulness for thcmoclcdric  applications
has been little invcstigakd.  SoInc Sccbcck mcfficicnt and mcrgy  band gap data can bc
found in [5] for several tcmary arscnopyrilc  compounds. 1 Iowcvcr,  more work is nccdcd
to fully assess tbc potential of these materials and, ill particular, thermal conductivity
data would  bc of interest. llascd  on our  investigation of binary  compounds [3], tbcir
tl~crlnal condllctivity  is too large to bc useful tl~crmoclcdrics  and cfforls  should focus  on
thermal conductivity rcducfion.  Alloys bctwccn  binary  compoLIHds  as well as tcmary
cmnpounds  arc cxpcctcd  to have IOWCI thermal conductivity in particular bccausc  of the
possible phoncm scattering point defect scattering,

As part of our investigation of arscnopyritc  materials as thcrmoclcdric  materials, wc have
invcstigatccl the thcmoclcctric  pmpcrtics  of several phase based on RuSb2.zX’l’c2X and
l<uSbz-zX  SC2X solid solutions, 11 was found  that a complctc  series of solid solutions exists
in the systcm  RuSb2.2Xl’c2X  [6]. ‘1’hc alloys  have the marcasilc  structure for x>0,65,  the
arscnopyritc  stmcturc for 0.25<x<0.65,  and the locllingitc structure for x<O.25, A band
g a p  of 0.5 CV was dctcrmiuccl f rom e lec t r i ca l  rcsistivity  mcasurcmcnts  for the
composition l<u Sb’1’c [5]. ‘llc infrared reflection spcdra  was also stu(iicd for this sam
composition [7], “1’hc investigation of the cxistcncc  of solid solutions bctwccn  RuSb2 ami
RHSC7 has not been complctc]y  invcs[igatc(i and only the cxistcncc  of lhc solid solution
RuSbSc  w a s  rcportcct. }Iasccl  on thermoelectr ic power a n d  clcdrical  rcsistivily
Incasurcmcnts,  this compound was found to bc a scmicondudor  with an cstilnatcc]  band
gap of about 0.35 CV [5]. WC rcporl  i~~ this paper on the preparation and characterization
of Ihc thcrmoclcctric  pmpcr[ics  of several  arscnopyritc  phases  based  on based OII
1<11 Sb2.2X’l’czX  and RuSbz.qX SC2X solid solulims.

2. ICxpcrimcnta]

Single phase, polycrystallinc  samp]cs  were prcparc(i  by heating stoichiomctric  mixtures
of the clcmcIlts  with intcl”mcciiatc  crushing  and s u b s e q u e n t  hO1-pICSSillg.  ~{uthcnilml
(99.95%), cobalt (99.99Yo),  antimony (99.9999%), tellurium (99.999%), and selenium
(99.999%) powders were used to synthcsizfc the samp]cs. ‘1’hc mixtures of the clcmcnts
were placcct  in a plastic vial before being loaclcd  in a steel dic where they were compressed
into dense cylindrical pellets. ‘1’hc pellets were scaled under vacuum in quartz. ampoulcs
which were I]catcd  for 5 days at tclnpc.ra[urcs  bctwccn  X73 and 1073K, dcpcmling  on the
composition. ‘Ilc products were then removed from the ampoulcs,  crushed, ground  in all
agate mortar,  scalccl  agaitl  in quartz ampoulcs  and heated for 5 days at tcmpcraturcs
bctwccn  873 and 1073K. I’roducts  of tl]c al~ncaling  were then rclnovcc]  from the ampoulcs
and analyz,cd by x-ray  diffradomctry  (XR1 1), When single phase, the powders were hot-
prcsscd  ill grapllilc  clics into [icnsc samp]cs  about 10 ml)] long ami 6.35 mtn in cliamctcr.
‘1 ‘hc hot-pressing was con[iuclcd  at a pressure of about 20,000 psi and at a tcmpcrat urc
bctwccn 1023 ad 1 123K for about  2 hc~urs under argon a tmosphere .  ‘lhc  e x a c t
tcmpcraturcs  at which the hot-pressing was conducted arc listed in ‘1’able 1 for all ihc

samples prepared.
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Xl{])  analysis  was J) CJfOllllCC~  at mom  tcmpmturc  on a Sicmcns 1)-500 difft’aclomctcr

using (lt-Kcr  radiation, Small a(idilions  of’ Si povdcrs  were made 10 the samples as an
internal standard, Sclcctcd samples mt from (I1c hot-pressed bats were polished using
standar(l  mctallographic techniques. Micmprobc  analysis (MI)A) was performed on these
samples  to dctcrminc  their  atomic coll~position  using a  JliOI. JXA-733  c]cctmn

supcrpmbc  operating at 20x103 V of accelerating potential ad 25x10-g A of probe
currcllt.  l’urc clcmcnts  were used as standards and X-ray intensity mcasurcmcnts  of peak
and background were coIductcd  by wavclcllg,th  (iispcrsivc  spcdromctty.  ‘llc density of
the samples was  calculated from tllc weight and dimensions of the samples. ‘J’hc
dccompc)siticm tcmpcraturc of sclcctcd  samples was also dctcrmincd  using differential
the rmal  ana lys i s  ( l  YI’A). A lhpont 16000(; 1)’J’A appara tus  was  used for l)rl’A
mcasurcmcnts.  ‘1’hc  samples were scaled under 1 O“s ‘Jon vacuum in quartz ampoulcs  5
mm in diameter and 15 mm long. Ar~m] was usc(i as the purge g,as and the dccompositicm
tcmpcraturcs  WCIC clctcminccl  from the heating curves with an heating tatc of 20(; rein-] .
‘1’hc accuracy was estimated at i 1 OO~.

Samp]cs  in the form of disks (typically a 1 mm thick, 6.35 mm diameter slice) were cut
fro]n the bars using a diamond saw f(j~ electrical and thermal transport pmpcrty
mcasurcmcnts.  All samp]cs  were  charac te r ized  a t  roonl tcmpcraturc b y  Sccbcck
cocfficicnt,  1 la]] e f f e c t  and e l e c t r i c a l  rcsistivity  mcasurcmcnts.  1 ligh tcmpcraturc
rcsistivity,  I Ian effect, Sccbcck cocfficicnt,  the rmal  diffusivity,  and h e a t  c a p a c i t y
mcasurcmcnts  were also cmductcd  on sclcctd  samp]cs  bctwccn  mom tcmpcraturc and

a b o u t  1000K. ‘Ilc clccttical  rcsistivi(y  ( p )  w a s  m e a s u r e d  using the van clcr l’auw
tcc.hniquc with a current of 100 mA using a special high tcmpcraturc  apparatus [8]. ‘1’hc
1 lall cocfticicnt  (1<11) was measured in the salnc apparatus with a constant m:ignclic field
value of - 10,400 Gauss. “Ihc carrier dctlsity  was calcula[cd  from the 1 fall cocfficicnt,
assuming a scattering factor  of 1 in a single carrier schcmc,  by p/n = 1 /RIIc where p and n
arc the densities of holes ancl clcctmns,  rcspcctivcly,  and c is the c]cctmn  charge. ‘J’hc Hall

mobility (p}l) was calculated from the 1 lall coefficient and the rcsistivity  values by pl[ =

I{ I I/p. The errors were cstimatcci to bc 5. 0.S% and ~ 2% for the rcsistivity ad 1 lall
mcfficicnt data, rcspcctivcly.  ‘1’hc Sccbcck coefficient of the samples was mcasutcd  OJI
the same samples uscci for rcsistivity  and f lall cocfficicn(  mcasurcmcnts  using a high
tcmpcraturc light  pu]sc lcchniquc  [9]. ‘1’hc  trim of the Sccbcck  coefficient mcasurcmcnt
Ivas e s t i m a t e d  to bc lCSS than 2 3“AJ.  ‘1’llc llcat c a p a c i t y  :il]d thcmal  diffusivity  w e r e
measured using a h a s h  diffllsivity  tcchtliquc  [1 0 ] . ‘1’hc thermal conductivity was
calculated from the cxpcrimcnta]  density, heat capacity, and thermal diffllsivity  values.
‘Ihc ovcral] error in the thcrma] co~~duc[ivity mcasurcmcnts  was estimated to bc about  ~:
1 o%.

3. Rcsulls and discussion

3 .1 .  Xl{]), 11’11’A,  density,  and 1)’1’A nlcasuremcnts  rcsu]ts

‘1’hc results of x-ray, micmpmbc,  dcllsity,  al~d differential thcrinal analysis mcasu[cmcnts
arc sulmnarizcd  ill ‘1’able 1. I’hc x-ray results obtained for RuSbl.zXl’c2X  alloys  with



0.3<xS0.6  ccmfimd the cxistcncc  of a continuous  series of solid solut ions with the
arscnopyritc  S(JWC(UJC for 0.25<x<0.65  established by 1,U[Z c1 al. [6]. Similar findings
were rcpmtcd  for (he systems l:cSb2-I;c’l’c2  and ChSbj-h’l’cz  [11]. ‘J’wo single phase
alloys  bctwccn  RuSb2.2X’l’czX compositions ami the alscnopyrite  compouncl  0Sb2  were
also prcpalccl.  ‘1’hc composition of these  samples is Iistcd in ‘1’able 1. ‘J”hc  clcnsity of the
hot-J> rcsscd  RuSb2.zX

rl’c2X-based samples is listccl  in ‘1’able 1 and was found  to bc bctwccn
g~ allcI 970~, of tIlc t]~colcti~al dcl]sity.  Microprol)c”  analysis  Confit-mcd  that  t h e  s a m p l e s

WCIC single phase and the compositions dctcrmincd  by MI’A arc lislcd in ‘J’able  1 and
wc~-c found to bc close to [he nominal  composi t ions. W C also successfully preparc(i
salnp]cs  of I{uSbz.~XScvX for x 0.5 but x-my analysis  of  samples with x= 0,35 an(i 0,6
mvcalcd  a multiphasc mixture, mostly coJnposcd  of the COJJIpOUIICJS RuSb2 and RuScj.
‘1’his result suggests that, unlike to the RuSb2.2Xrl’c2X  system, l<uSb2 anti RuSc2 do not form
a cmmplctc series of solid solutions. Wc also ptcparcd single phase samples of alloys
bctwccn  RuSb”l’c  and RuSbSc  and }<uSbSc and (hSb2.  All single p h a s e  R u S b S c - b a s e d
samples were hot-pressed and the density of the hot-prcssccl  samples is listccl  in ‘1’able 1
as WC1l as thcit composition, dctcrminc(i  by MI’A, WC found an avctagc  dccmnpositim
tcmpcrafurc  of 966°[; ad 849”(:  f o r  t h e  s o l i d  s o l u t i o n s  l{uSb’1’c  and RuSbSc,
rcspcctivcly.

3.2. “J’hmmlodcdric  pl-opwi(’s

‘I’l Ic mom temperature pmpcrtics  of SCVCI al arscnopyrite  phases  based on l<u Sb2.2Xrl’cz,
aJId  RuSb2.2X SC2X solid solulims  arc listed in ‘1’able 11. l“or all samples, the values for the
Sccbcck  mcfficicnt,  1 lall carrier mnccntratim,  1 lall mobility, and electrical rcsistivity  arc
indicative of a scmiconducting  behavior with mixed conducticm  by botb  electrons ad
holes at mom tcmpcraturc.  ‘1’hc  carrier mobility values are low, resulting in high electrical
rcsislivity va lues .  lFor  RuSb2.2Xrl’c2k  solid s o l u t i o n s  w i t h  x= 0.5 and x= 0.3, the
conductivity is of p-type at room tcmpcratutc while for x= 0.6 the conductivity is of n-
type. ]n a rcccnt investigation of the thcmoclcctric  pmpcrtics of lrXQJ1.XSb2 alloys [3], it
was found  that single crystals of the arscnopyritc  compouJld  ChSb2 had rclativc]y  high
can-icr mobility and low electrical rcsistivity  values. IJI an attcmJ>t  to rcclucc  the electrical
tcsistivity  of RuSb2-2Xrl’c2X  solicl  solutions, wc prcparccl (RuSb2-2X1’c2X)  1-Y-(  C;oSb2)Y  alloys.
‘1’hc mom temperature proJ~crtics  of these alloys arc also Iistcd in ‘l’able 11. Although
these alloys have a Iowcr clcct[ical rcsistivity  than ‘J’c-rich  RuSb2.2X’J’c2X  soJid solutions,
the 1OWCS(  rcsistivity  was acllicved for the ‘It-poor sample  (2 ARS’13) wi th  a  mom

tcmJ3craturc value of 59 mi,km. ‘Ihc adciition of [;0 did not result ill an incrcasc  of the

cawicr mobility. ‘llc electrical rcsistivity  of the I<uSbSc  sample is also high and CVCH
higllcr fo r  the (RuSbSc)~, ~-( RuSb’l’c)t~.5  alloy. ‘1’hc (l{uSbSc)Ll  ~-((k)Sb2)(),l  a l loy has a

significa]ltly  ]owcr  electrical rcsistivity  value of 37.9 lnflcln  at rooln tcmpcraturc.

‘J’hc l~igl~-tclll]>crat~lrc  electrical rcsistivity  and Sccbcck coefficient values for the samples
listed in ‘l’able 11 arc shmvJI  in l;igs, 1 and 2, rcspcctivcly.  l;or all samples, the electrical
tcsistivity  dccrcascs  with increasing tc]npcIa(urc.  A band gap value of 0.61 and 0.59 c\~
was cstimatccl for the solid sollltions  RuSbrl’c and l<uSbSc, I cspcctivcly  from the quasi-
lincar variatio]ls  of t h e  c]cckical  msistivity  at high tcm])craturcs.  ‘1’his i s  i n  g o o d



agtccmcn[  with a previous estimate of 0.5 CV for l<uSbrl’c [S] but slightly higher than the
csiimatc  of 0.35 CV for RuSbSc  [5]. ~llc  lowest electrical rcsistivity  value was achicvcd
f(~l t]lc (]{llSbSc)~,,y-((  ;oSbz)l,l  alloy with a value of 8 mfkm at a lcmpcraturc of 1000K.

‘1’his value is still relatively high considcri~lg  that the op(imal  value for achieving maximum

thcrmoc]cc[ric  efficiency for a classical scmicon(iudor  is about 1 mfllcm. ‘1’hc Sccbcck
coefficient values arc shown in l:ig.  2. All Sb-rich compositions bavc p-type Sccbcck
cocfiicicl~t  ‘1’hc  l o w e s t  e l e c t r i c a l  rcsistivity  corrcspo]lds  t o  [hc highcsl  Sccbcck
cocfl~cicllt.  lJor example ,  the  sample  wi th  the  h ighes t  roon] tcmpcmturc Sccbcck
coctlicicnt  (1 ARSS3)  has also the lowest clcctl-ical  rcsistivity. ‘1’his is also an indication
{hat both electrons and holes participate to the conduction which I cducc  the magnitude of
the Sccbcck  coefficient cspcciall  y around  I (mm tcmpcralurc.

Wc present in l:ig. 3 the thermal conductivity of l<tlSbz.j,rl’cz,-based alloys.  ‘1’llc  values
arc also compared to those obtained for tbc binary  compounds It Sbz and C;oSb2 [3]. “1’hc
rmn tcmpcratutc va]ucs arc ranging  bclwccn  25 and 49 mWcm-] K-’. ‘1’his is a significant
(iccrcasc  compared to the values in the order of 110 mWcm ‘] K”’ for ChSb2 and ltSb2 [3].
‘1’hc thermal conductivity is almost tcmpcraturc  indcpcndcnt  for all samp]cs  cxccpt  fbl”
alloys with  (;oSb2  which show an incrcasc  in the tbcrmal  conductivity at the highcsl
tcmpcraturcs.  ‘J’his  can bc attributed to a phase transition as it was observed in (k)Sb2 [3].
l~or  RuSbz.zX’l’czX  solid solutions, Ihc mil~imum in the thermal conductivity was cxpcctcd
to occur  for x’ 0.5 where maxinmm ]nass and si~,c  fluctuatio])s  occur  on the anion site
I lowcvcr,  wc foun(i that the composition l{uS&l’c has in fact  the higllcst thcmal
con(iuctivity  of all RuSb2.2X’l’c2X  arscnopyl  itc solid solutions lncasurcd  (SCC ‘1’able 11). in
addition to point cicfcct scattcrinp,, other phonon  scattering  l) Iccllanisms must bc taken
into account to explain this unusual  finding. It is also possible that tllc phollons  arc
scattcrcd  by electrons transt’crrcc]  bctwccn  Ru ions in these salnplcs  as it was rcccnt]y
sllggcstcd to cxp]ain the low Iatticc thcrlna] conciuctivity  of the skuttc~”uditc  IX)lllJX)Ulld

l{LlL1,~J)d[J,5Sb3  [ J 2]. ‘1’hc  RU atoms arc CXJECtCd to change tbCil ValCllCC state fl’olll 4+ il”l
RuSb2 to 2+ in RuTc2 in the RuSb2-2X’l’c2X  series. ‘1’hcrcforc,  depending on the x value, the
ratio bctwccn  the different Ru ions varies, resulting in diffcrcnl  phonon  scattering rates,
OLIr cxpcrimcntal  results seem to indicate that the highest scattering rates occur near
X= 0.3. “1’hcsc  results arc supported by tllc data on (l{~lSb2.2xr1’czx)  l-Y(coSbz)Y alloys.  A
dccrcasc  in thermal conductivity is observed for the (1<~1 Sb’J’c)t].g((;oSbz) {l. t alloy  compared
to RuSbrl’c. ‘1’his is ciuc to the inc[casc  nmss and size fluctuations intmduccd  by the G)
atoms in the lattice. 1 lowcvcr, the  tllcmal conduc t iv i ty  i s  CVCH lower  for t he
(l<~lSt>l,3r1’c~  ~T)~),y(C;oSbz)t,,l  alloy which also sup,p,csts  that a J~lNHOH scattcl’il~g  by clcctl’o~]
transfer bctwccn  mixed valcllcc  RU ions occum.

‘1’llc tllcrmal  conductivity values for RuSbSc-based alloys arc sllowl~  in J;ig. 4. ‘1’hc roonl
tclnpcraturc v a l u e s  a r c  rang,ing bctwcctl  23 and 49 mWcnl-l  K-l and tllc tllcrmal
conductivity is almost icmpcraturc in(icpclldcnt. ‘1’hc thermal unlductivity  of RuSbSc  is
10WCI. than for l<uSbl’c bccausc  of tbc higllcl mass flllctuation  pl oduccd  by the SC atoms
conlparcd  to the ‘1’c atoms, ‘J’hc thermal conductivity rcachcs  25 mWcm-l  K-l for the
(l{~lSt>’I’c),,.  s(l<tlSbSc)~,.s  duc to phonon  scattering by Jmint  defects, I Iowcvcr,  it sCcl~~s  that
poi!lt  (icfcct phonon  scattering dots not produce scattering rates as nigh electron tramfcr
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phonon  scattering bctwccn  mixed valcncc ions,  as obscrvcct  for RuSbrl’c-based alloys.
‘J’his  scattering mechanism coul(i not bc observc(i in RuSbSc-based alloys bccausc  single
pllasc  samJ~lcs  w i th  compos i t ions  shific(i from tl]c R~lSbSc  stoichiomclry  coulci  not bc
prcparc[i.  l~or t he  (l<~lSbSc)[),g(C~OSbl)l,,l  a l l o y ,  a  s i g n i f i c a n t  ciccrcasc in thcrmai
conductivity was obscrvc[i  compared to f<uSbSc (iuc (o lhc a(i(iition  of (;o  atom into the
lattice structmc. l;or this composition, the tbcrmal  conductivity is nearly tcmpcralurc
il~(icpcnctcnt  with a value of about  22 mWcml-’K-l.

1,OW ti~crmal comiuclivily  values were achicvcxi  for several arscnopyrilc  phases basc(i on
RuSb2.~X’l’czX ami RuSbz.2x Sc~X soiid soiuiions,  comparable to tbosc  Obtaillc(i  for statc-of-

the-at( lhcmociccttic  materials. f lowcvcr,  the power fach3r values (Cx2/p)  arc also low

mainly  (iuc to the iow carrier mobility of the samples, rcsulling  in h i g h  clccttical

rw.istivity  values. A maximum power factor value of only 5 }l\Vcm”]K-l was obtainc(i  for
samp]c  1 ARSS3  at a tcmpcraturc of 900K, ‘1’hc  ca]culatc(i  maximum thctmoclcctric  figmc

of merit Z.’J’ (7.” J’= u2/ph)  was 0.2 at a tcmpcratum  of 900K for samp]c  1 ARSS3.  ]Iccausc
of the low carrier mobility in these matcriais,  it is unlikely that 7,’1’ values higher than  the
maximum 7,’1’ value of 1 common  to all state-of-the-art tbcrmoclcchic  matcriais  can bc
mhicvcd.

4, Conclusion

W C h a v e  studic(i the cxistcncc  anti thcrmoclcc{ric  pmpcrlics  c)f several  arscnopyritc
pbascs  basc(i on RuSb2.2Xrl’c2X an(i l<uSb2.?X SC2X solid solu(icms.  WC have foun(i  that all
binary ami tcmary compositions invcs[igatcci  have a scmicon(iucting  behavior with low
(I]c] mal conductivity values. In a(iciition  to mass and str:iin fluctuations cicctron  transfcl
bctwccn  mixc(i valcncc  ions was consicicmi  as a possible phonon  scattering mechanism to
explain the iow thcmai  con(iuctivily  values. Although the saml)lcs  exhibit rciativciy  large
Sccbcck  coefficient an(i low thermal comiuctivity  values, the carrier mobility values in the
sanlplcs  arc iow and a maximum thcr(noclectric  figure of merit 7,’1’ of only 0.2 was
obtained al a tcmpcralutc  of 900K. ‘i’his  is significantly lower than the upper limit of 1
common 10 the best thcrmoclcctric  materials known to (iatc. Although no efforts was
(ionc to optimize the proJ~crtics  of these samJ>lcs,  it is unlikc]y  that these materials can
outpctfom state-of-the-art thcmoclcctric  materials.

‘ihc w o r k  cicscribc(i  in t h i s  paJ~cr w a s carric(i  out a t  t h e  .lct i’mpulsion
1 ,atJor:itoly/C;aliforllia lnstilutc of ‘1’cchnology, uncicr  contract  with  the  Na t iona l
Acmnautics and Space A(ill~il~istratiol~. ‘1’i]c  authors woul(i iikc to thank J )anny  Ymltan
all(i Anciy ~,oltan f o r  thcmocicctric  pIOpCIly mcasurcmmlts,  l)aul C a r p e n t e r  for
lnicroprobc  analyses, and .lim Kullcck  for Xl<J) analyses.
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‘1’able  1. X-ray, micmprobc,  differential thcmal analysis, ami dmity  mulls for
several arscnopytitc  phasm based on RuSbz.zx  1 cZX

,1 and RuSb7.zX Sc2X solid

solutions

‘1’able 11. I lall carrier concentration (ldp), 1 la]] mobility (p), electrical rcsistivity  (p),

Sccbcck  coefficient (u), thermal conductivity (k), and energy band gap

(Al;) values for several hot-prcsscci  ammopyritc  phases basccl  on

RuSb2.  2XTC2X  and RuSbz.2X SC2X solid solutions

Iigurc 1. Iilcctrica]  rcsistivily  versus inverse tcmpcraturc  for several arscnopyrilc
phases  bascci on RuSb2.zx”l’c.z,  and 1~uS13N~ SCz~ s~lid soltlti~)l~s

l(igurc 2. Sccbcck  coefficient versus tcmpcraturc  for several arscnopyritc
phases based on RuSb2.2X’l’czX  an(l RuSb2.2X SC2X solid solutions

l:igusc 3. ‘] ’hcrmal conductivity versus tcmpcraturc  for RuSb2.2X”l’c2X  -based alloys.
Values for (I1c binary compounds lrSbl  and G)Sb2 arc also shmwl  for
comparism [3].

l~ig~lrc  4. Thermal conductivity VCISUS  tcmpcratmc for RuSbSc-  based alloys.
Values for the binaty  compounds lrSb2 and C~oSb2 arc also shown for
comparison [3].



.—
sample Nominal composition X-ray results }iot-presXg Geometrical Decomposition Microprobe results

temperature density temperature (at%)

(“c) (g cm”’) (“C) RJ Sb Te Se Co

1ARS11 RuSbl  e single phase 850 8.73 966 31.3 34 34,7 - -

?ARS13

?ARS14
1ARS12

?AF{S15

IARSS4
?ARSS?
IARSS3

1ARSS5
IARSS6

Fwsb,41e06 single phase 850 8.88 31,3 48 20.6 - -
F{uSbo61 e, ~ single phase 850 7.47 - 31.2 77 4?,2 - -

(RuSbl  e)” JCoSb,)o, single phase 800 8.56 27.6  39 29.9 - 3,5

(RuSbl 31 e“ ,)oJCoSbz)o,  single phase 850 8,62 - 29.3 49 19,9 - 2,2

FUrSbSe single phase 750 8.01 ~49 3?.1  34 33.9 - -
(F-QrSt)Se)O ,( RuSb-l e),, single phase 750 8.36 31.6 34 17.4 17 -
(RuSbSe)09(CoSb2)o, single phase 800 8.19 29 38 30.7 - 2,6

RuSbl  $e,, rnutliphase - - - - -

FU@,&elz rnutliphase - - - .-
.—



Sample Nominal composition Conductivity nlp p P (1. k at - 370t(  A~
type (cnl-’) (cm’ V ‘s”’) (10“3 f} cm) (pV K“’) (mW cn]’Ki)- - - (ev)

lAf{S1’1  RuSbTe P ?.06[.+XY  0.03 861.0 66.0 49 0.61
2ARST3  Rush,.4T eo fj P ?.46F+20 0.43 59.9 13? ?1
2’ARST4  mlsbo.~1  e, ~ n 4.05E+20  0.03 5?7. ? 33 36
IARST”? (RLJSbl-e)O  ~(CoSbz)O , P I. IGE+?O 0.41 131.7 134 37
?AF<ST  5 (F<uSbl,aTeO ~) OrJCoSbz)O , P 1.29E+20 0 . ? 9 166.3 1 ?5 25

IARSS4  RuSbSe P 6.69E+?0  0 . 0 1 597.1 37 34 0.6
?AF{SS? (~<LIStlSe)O~(~<USt)~c)O~ P 2.62E+20  0 . 0 1 1542.0 87 ?5

JARSS3 (RList)Se)Og(CoSbz)O  , P 4.45E+?0  0 . 3 8 37.9 154 23—
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